We have previously shown that only 0.01% cells survive a metabolic challenge involving lack of glutamine in culture medium of SUM149 triple-negative Inflammatory Breast Cancer cell line. These cells, designated as SUM149-MA for metabolic adaptability, are resistant to chemotherapeutic drugs, and they efficiently metastasize to multiple organs in nude mice. We hypothesized that obesity-related molecular networks, which normally help in cellular and organismal survival under metabolic challenges, may help in the survival of MA cells. The fat mass and obesity-associated protein FTO is overexpressed in MA cells. Obesityassociated cis-acting elements in non-coding region of FTO regulate the expression of IRX3 gene, thus activating obesity networks. Here we found that IRX3 protein is significantly overexpressed in MA cells (5 to 6-fold) as compared to the parental SUM149 cell line, supporting our hypothesis. We also obtained evidence that additional key regulators of energy balance such as ARID5B, IRX5, and CUX1 P200 repressor could potentially help progenitor-like TNBC cells survive in glutamine-free medium. MO-I-500, a pharmacological inhibitor of FTO, significantly (>90%) inhibited survival and/or colony formation of SUM149-MA cells as compared to untreated cells or those treated with a control compound MO-I-100. Curiously, MO-I-500 treatment also led to decreased levels of FTO and IRX3 proteins in the SUM149 cells initially surviving in glutamine-free medium as compared to MO-I-100 treatment. Interestingly, MO-I-500 treatment had a relatively little effect on cell growth of either the SUM149 or SUM149-MA cell line when added to a complete medium containing glutamine that does not pose a metabolic challenge. Importantly, once selected and cultured in glutamine-free medium, SUM149-MA cells were no longer affected by MO-I-500 even in Gln-free medium. We conclude that panresistant MA cells contain interconnected molecular networks that govern developmental status and energy balance, and genetic and epigenetic alterations that are selected during cancer evolution.
Introduction
Cancer resembles an evolution-like process in the body, involving epigenetic and genetic alterations in tumor cells accompanied by a selection process that eliminates a majority of cancer cells [1] [2] [3] . Immune surveillance is one of the multiple challenges that cancer cells would face before metastasis as they try to colonize at a distant organ site. It is well accepted at this time that only a small percentage of cancer cells present in the overall population may have an ability to generate an embryo-like cellular heterogeneity that may provide a survival advantage during cancer evolution. Despite tremendous technical advances leading to our present understanding of the genomic landscape of cancer, our ability to overcome therapeutic resistance in advanced cancers remains limited. Our ability to improve treatment of advanced cancers that do not respond to currently offered therapies will depend largely on how well we do against the rare but highly adaptable cells that drive cancer evolution and therapy resistance. It is commonly accepted that we must find ways to apply effective combination therapies in a timely manner to improve outcomes of patient survival, but there are serious hurdles in identifying and implementing such therapies. To facilitate this task, we have developed a usable in vitro system of realistic intrinsic resistance in highly heterogeneous triple negative breast cancer (TNBC) [4] [5] [6] for testing new combination therapies [7, 8] .
It is difficult to model the intrinsic resistance that may be imparted by rare but adaptable, possibly panresistant, cancer cells into usable systems for evaluating therapies. Most therapies are developed based on studies with the cell lines that have been established from primary tumors or metastases. Although it is likely that cancer cells are heterogeneous with regard to their metabolic state, it is not an easy task to optimize cultures of specific subpopulations of cancer cells [9] . In fact, this may be one of the weakest links in the drug development process. To stress this point, even if one establishes a cell line from a metastatic legion, many subpopulations of cancer cells that impart intrinsic resistance are lost because in vitro culture conditions are not suitable for their survival and growth. It is likely that most cells that proliferate in the artificial culture conditions lose their capabilities to survive, grow, and metastasize in the body. As a possible manifestation of this limitation, one has to inject a large number of cancer cells as xenografts into immunocompromised mice to get tumor growth; only some cell lines produce tumors that can metastasize in these models.
Most drugs are evaluated for their ability to inhibit cell proliferation and/or kill the proliferating cancer cells in culture, however this may not represent most therapy-resistant/adaptable cells. As a next step, therapies are often evaluated in xenograft models in mice. Although xenograft models appear to be better than in vitro cell culture with regard to modeling the cells that may matter more in the body, they too are not ideal for evaluating combination therapies that would be effective against a heterogeneous disease that does not respond to currently offered therapies. As an example, if one creates a xenograft model of a highly heterogeneous TNBC using a cell line (or with a patient-derived tumor) and treats with a chosen single agent, it would be the norm to encounter resistance to therapy. However, these models do not offer the flexibility of evaluating effective combination therapies that would eradicate most therapyresistant (panresistant) relatively rare cancer cells that drive therapy resistance and cancer evolution. A big part of the problem is that there is only a limited time for evaluating antimetastasis therapies in mice since they need to be sacrificed before primary tumor grows to a large/painful stage.
We have proposed an alternative strategy that relies on modeling panresistant cancer cells in vitro, which could be very useful for evaluating therapies [8] . To mitigate the limitations of cell culture, first we chose to model the panresistant TNBC cancer cells from the SUM149 cell line that has been established from an aggressive Inflammatory Breast Cancer (IBC). In this regard, IBC is comprised of all the clinically definable subgroups that are present in non-IBC; however, IBC is a lot more aggressive disease than non-IBC [10, 11] . The second element in our strategy is a harsh body-like selection for enriching resistant cells: less than 0.01% cells in population survive a long-term metabolic challenge; such metabolic challenges drive cancer evolution in the body. We have evidence that the metabolically adaptable (MA) cells that survive and grow in a glutamine-deficient culture medium efficiently metastasize to multiple organs from fat pad xenografts in nude mice, feature embryo-like gene expression, and are a good model of panresistant cancer cells [7, 8] . A comparative long-term evaluation of anticancer agents on MA cells versus parental SUM149 cell line yields information that could be useful in predicting impending resistance to therapy. We discovered that the FTO gene that encodes an RNA demethylase, which regulates fatness and obesity [12] , is amplified in MA cells [8] .
Obesity is a risk factor for the occurrence of a variety of cancers, including breast cancer, and it often predicts poor outcomes [13] . In general, obesity is a result of a metabolic state favoring energy storage over energy utilization. A variety of genomic alterations, e.g., in FTO or the genes that functionally interact with it, could confer susceptibility for obesity. FTO plays a key role in energy balance at both organismal and cellular levels [14] [15] [16] . Evolution has selected variants in the FTO gene that permit survival under metabolic scarcity [14] . Furthermore, genome wide association studies have identified FTO as being strongly associated with estrogen receptor-negative breast cancer, including TNBC [17] . We hypothesized that the FTO protein and its partners that promote obesity may help in the survival of SUM149-MA TNBC cells under metabolic scarcity (prolonged lack of glutamine in medium) that kills 99.99% of SUM149 cells. A similar selective advantage that obesity-related molecular networks could confer on cancer cells in the body may provide an explanation for linkage between obesity and cancer.
Recently it has been reported that a long-range interaction between intron 1 of FTO and enhancer of the homeobox gene IRX3 governs IRX3 gene expression, thus influencing cell fate decisions leading to obesity [18, 19] . Here we report that IRX3 is significantly overexpressed in SUM149-MA cells as compared to the parental SUM149 cell line, supporting our hypothesis. Further studies aimed at exploring the potential mechanisms that could help rare progenitorlike breast cancer cells survive metabolic challenges, indicated the involvement of several regulators of energy balance such as ARID5B, IRX5, and CUX1 P200 repressor besides FTO and IRX3. To determine the functional significance of FTO protein, we utilized a pharmacological inhibitor MO-I-500. These results further support the concept that FTO is important in the survival of rare embryo-like SUM149 TNBC cells when they face a severe metabolic challenge, e.g., a prolonged lack of glutamine.
Results and Discussion

Overexpression of IRX3 in SUM149-MA Cells
We have previously reported that the rare SUM149 cancer cells that survive a prolonged lack of glutamine in culture medium carry a FTO gene amplification on chromosome 16 q12.2; the amplified region includes RBL2, AKTIP, RPGRIP1L, and FTO genes [8] . We also observed a corresponding increase in FTO protein by western blotting [8] . According to recent reports, the FTO locus controls energy balance not only through the alpha-ketoglutarate-dependent RNA demethylase activity of FTO protein, but also through a long-range chromatin interaction between FTO and IRX3 loci [18, 19] . This leads to IRX3 overexpression; abnormal IRX3 expression is an important driver of obesity and type 2 diabetes. Both FTO and IRX3 genes are located on chromosome 16 at approximately 500 kilo base distance from each other. In two separate experiments involving selection of metabolically adaptable SUM149 cells, we detected similar gene amplification of the region around FTO with a comparative genomic hybridization (CGH) array [8] . Significantly, the IRX3 gene is not amplified in SUM149-MA cells [8] . We noticed in our gene expression microarray data that SUM149-MA cells produce more IRX3 mRNA than the parental SUM149 cell line [8] . Considering the important role of IRX3 in obesity, we determined the level of IRX3 protein in SUM149-MA cells and found it to be significantly elevated as compared to the parental SUM149 cell line (Fig 1) . The magnitude of increase in protein expression was significantly more for the IRX3 protein as compared to the FTO protein (compare top and middle panel in Fig 1) . Fig 1 includes western blot data obtained with 3 different batches of MA cells (originating from 2 different selections in glutamine-free medium) cultured in glutamine-free medium plus 2 different batches of MA cells after the cells were switched back to glutamine containing medium. Overall these results strongly suggest that the IRX3 protein is overexpressed in MA cells in a reproducible manner, and that higher than basal level (the levels in parental SUM149 cells) of IRX3 protein persists even after the cells are switched back to glutamine-containing medium.
Our results are consistent with the emerging model in which activation of transcription in one locus, e.g., FTO, could open up a super-enhancer such as the one located in intron 1 of the FTO gene, which then activates transcription at other sites in chromatin. In this particular example, although the IRX3 gene is at a 500 kb distance from the FTO gene, they would topographically co-localize for the activation of transcription of IRX3. Based on our CGH array data that FTO gene is amplified by a factor of 0.5, it is unlikely that both FTO alleles are amplified in all SUM149-MA cells [8] . We can expect both unamplified and amplified versions of FTO to be situated approximately 500 kb away from the IRX3 gene. We do not yet know whether unamplified, amplified, or both versions of FTO are responsible for the increase in , MA cell line maintained in Gln-free medium for 9 passages followed by culture in glutamine-containing medium for 4 passages (lane 5), MA cell line maintained in Gln-free medium for 2 passages followed by culture in glutamine-containing medium for 7 passages (lane 6), or MA cell line maintained in Gln-free medium for 9 passages (lane 7). We re-probed the filters with an HSP90 antibody as a gel loading and protein transfer controls; re-probe of the IRX3 blot is shown. Relative intensities of bands are shown at the bottom of panels; lane 2 is designated as the parental cell line control (100% value) since it represents the cells growing in a similar medium as MA cell cultures (lanes 3-7). P, parental cell line; M, MA or MA1 cell line.
IRX3 protein level. Nevertheless, increased expression of IRX3, along with gene amplification and overexpression of FTO, strongly support our hypothesis regarding the role of obesityrelated molecular networks in TNBC. Interestingly, besides its roles in obesity and type 2 diabetes, IRX3 plays an important role in patterning in the embryo [20] . Since the SUM149-MA cells have been selected to survive under metabolic challenge, and they are also enriched for embryo-like gene expression, IRX3 may represent a link between these phenotypes.
Potential Mechanisms of Energy Balance for Survival of Progenitor-like Breast Cancer Cells
An increased FTO gene dosage could independently provide survival advantage under metabolic challenge by shifting to a metabolic state that relies on less energy expenditure. In addition, cis-acting elements present in the first intron of FTO could influence the expression of other genes involved in energy balance, e.g., IRX3. We base our interpretation of IRX3 overexpression in embryo-like MA cells on the studies showing a chromatin architecture-based longrange interaction between IRX3 enhancer and FTO intron 1 [18, 19] . Investigating the mechanism through which rs1421085 SNP located on intron 1 of FTO influences obesity in persons of European ancestry, Claussnitzer et al. [19] reported that the obesity-associated C allele disrupts interaction of transcriptional repressor ARID5B leading to derepression of IRX3 gene. Pertaining to the genotype of SUM149 cell line in this regard, we have recently performed next generation whole genome DNA sequencing at an average 62.5X coverage and found it to contain T non-obesity allele of rs1421085 (S1 Fig; we will report analysis of NGS data in a separate study). This cell line is derived from an African American woman; other SNPs (but not rs1421085) in intron 1 of FTO drive obesity in persons of this ethnicity [21] . To explore the potential mechanism of IRX3 overexpression of MA cells, we analyzed relative level of ARID5B protein by western blotting. We found that MA cells possess a higher level of ARID5B than parental cell line ( Fig 2) ; these data are consistent with gene expression microarray data (Table S2 in [8] ). It is known that ARID5B can serve as a repressor or as an activator depending upon cellular context [22] . We favor the possibility that ARID5B serves as an activator of IRX3 transcription in MA cells.
Other activators and repressors beside ARID5B likely participate in obesity control. As an example, Cut-like homeobox 1 (CUX1) P200 isoform binds to its consensus binding site AAT-CAATA located on intron 1 of FTO to repress expression of both FTO and the adjacent gene RPGRIP1L in hypothalamus [23] . A single base change in this sequence as a part of obesity associated allele of SNP rs8050136 affects binding of CUX1 P200 repressor [23] . Apart from being associated with obesity, the rs8050136 SNP also appears to increase the risk of certain cancers [24] . We noticed that both obesity-associated A allele and normal C allele of rs8050136 are present in SUM149 cell line (S2 Fig) . Interestingly, we found that the protein level of CUX1 P200 repressor is significantly reduced in MA cells growing in glutamine-free medium as compared to parental SUM149 cell line (Fig 2) , which could be a potential mechanism of FTO overexpression from the obesity allele. We also found that the protein level of the P110 isoform of CUX1, which serves as an activator of FTO expression through preferential binding to nonobesity allele of rs8050136 [23] , remained unchanged in MA cells as compared to the parental SUM149 cell line (Fig 2) . This pattern of expression of CUX1 isoforms would potentially increase FTO expression of the obesity-associated allele but not that of the normal allele in MA cells.
Results from the CUX1 blot also indicate that the P200 repressor, which is not expressed (or expressed at a very low level) in MA cells maintained in glutamine-free medium, is expressed when the MA cells are maintained in glutamine-containing medium (compare lanes 3 and 5 with lane 4 in Fig 2) . This result exemplifies how embryo-like cancer cells can adjust their metabolic state depending upon the availability of nutrients.
We have observed that once selected to survive lack of glutamine, the MA cells maintain their metabolic phenotype even when cultured in glutamine-containing medium. Majority of cells are able to survive a subsequent metabolic challenge in the form of a lack of glutamine ( [7, 8] , our unpublished data). This is not to say that expression of proteins does not change under conditions of glutamine availability. We find that protein levels of variety of proteins are influenced, some proteins affected more than others, upon availability of glutamine. We believe that MA cells growing in glutamine-free medium can generate sufficient glutamine for essential cell functions (e.g., availability for protein synthesis) by re-adjusting metabolism through alterations in enzyme levels [7] and possibly allosteric regulation of relevant metabolic enzymes, they still lack sufficient glutamine for non-essential but important functions thus maintaining We noticed that the frequency of C allele of rs8050136 is significantly higher in MA as compared to SUM149-Luc cell line ( S2 Fig). Based on a total 104 reads from SUM149-Luc DNA and 94 reads from MA DNA, the C allele is present at 49% frequency in SUM149-Luc and at 62% frequency in MA. This result leads us to suggest that the C allele of FTO may be preferentially amplified in MA cells. It appears reasonable to speculate that there may be two alternative mechanisms for increasing FTO function-1) increased gene dosage of the C allele, and 2) increased expression of the A allele via a reduction in the level of CUX1 P200 repressor under a severe and prolonged glutamine deficiency (as explained above). These two mechanisms need not be mutually exclusive; further studies will be required for providing a direct proof for these mechanisms.
It may be noteworthy that the non-risk allele of rs1421085 mentioned above (which is present in SUM149 cells) is part of the consensus binding site for CUX1 repressor; this potential interaction would be lost in case of the risk allele [25] . Therefore, a lack of P200 CUX1 in MA cells could also potentially contribute to derepression of the genes whose expression relies on chromatin regulation at this locus. At this time one can only speculate whether the genes in question could include IRX3/IRX5 as well.
Finally, since obesity-associated SNP rs1421085 derepresses both IRX3 and IRX5 genes in pre-adipocytes, we wanted to know whether IRX5 is also overexpressed in MA cells. We found by western blotting that IRX5 is expressed in SUM149 cells and its level is 30-40% higher in MA cells than the parental cell line (Fig 2) . This result indicates that expression of IRX3 and IRX5 may be co-regulated in MA cells similar to pre-adipocytes. We noticed that the increase in IRX5 protein level in MA cells is modest as compared to 5-6 fold increase in IRX3 protein level (Fig 2) . We speculate that besides a common mode of co-regulation of these two genes at transcription level, there may be additional regulatory mechanisms that may be responsible for the lack of similarity in fold increase in IRX3 versus IRX5 proteins in MA cells.
Since the 90 kb-long obesity-associated region in FTO intron 1 has many cis-acting elements that could interact with a variety of transcriptional regulators (which may differ depending upon the cell type), mechanisms of energy balance could differ between adipocytes and cancer cells in our model. Further studies are required to investigate the mechanisms of energy balance in most adaptable rare TNBC cells within a highly heterogeneous disease. Nevertheless, our results reveal possibly meaningful relationships between metabolic adaptability, FTO/IRX3 expression, and embryonic phenotype in our in vitro model of therapy-resistant TNBC. The novelty of our approach lies in being able to enrich therapy resistant rare embryo-like cancer cells based on their adaptable metabolic state rather than commonly used approaches of generating abnormal cancer cells through manipulation of specific gene products.
Role of FTO in SUM149 Cells Facing a Metabolic Challenge
To determine whether the RNA demethylase activity of FTO protein has an important function in SUM149 cells, we utilized a pharmacological inhibitor of FTO called MO-I-500 [26] . We favor this strategy for a speedy translation in clinic. The use of a small molecular weight inhibitor also allows us to enforce inhibition of FTO in all subpopulations of cells in a heterogeneous cell line for prolonged periods as compared to the commonly used siRNA approach. We designed MO-I-500 as an alpha-ketoglutarate mimic, which has shown remarkable specificity towards FTO; MO-I-500 was referred as compound 7d in that study [26] . It inhibits FTO in vitro, and importantly in vivo. The IC50 for MO-I-500 is 8.7 μM for the inhibition of purified FTO demethylase catalyzing demethylation of an artificial small methylated substrate [26] . MO-I-500 treated cells exhibited a global increase in RNA methylation; HeLa cells treated with 25 μM MO-I-500 for 24 hours showed a 9.3% increase in N 6 -methyl-adenosine content in total RNA [26] . First, to determine whether inhibiting FTO would affect the ability of the adaptable rare SUM149 subpopulation to survive and form colonies in a glutamine-deficient medium, we treated cells with MO-I-500 in this medium for 22 days and then stained the colonies. We observed a significant decrease in the number of colonies in MO-I-500-treated culture as compared to DMSO solvent-treated culture or the culture treated with a control compound MO-I-100 (Fig 3) . MO-I-100 is structurally related to MO-I-500, but it does not inhibit FTO (see [26] for structures). In the experiment shown here, we used MO-I-500 up to 2 μM concentration, which severely inhibited survival and colony-forming ability of SUM149-Luc cells (compare plates shown in Fig 3) . These results are consistent with FTO being important in cell survival under a metabolic challenge. We performed this experiment several times using different concentrations of compounds, different length of treatment, and different batches of cells. The result is reproducible in showing a dramatic decrease in the number of colonies upon MO-I-500 treatment. S3 Fig includes data from 3 such experiments. We have also included data from an experiment wherein 4 dishes each were set up together for treatment with 2.0 μM MO-I-500 and DMSO control. MO-I-500 treatment caused a dramatic (>95%) inhibition in colony formation as compared to the control group, which was statistically significant (p < 0.0001); the two-tailed p value was calculated with the unpaired t-test ( S4 Fig). Pertaining to the mechanistic insight as to why inhibition of FTO in glutamine-free medium kills or stops these cells from growing, more than 99% SUM149 cells die due to prolonged lack of glutamine in culture medium. So the phenomenon that we are describing may not apply to all cells but to those that survive a severe prolonged metabolic challenge. Our previous work has shown that the rare cells that survive not only possess metabolic adaptability (ability to survive a severe lack of nutrients) but also overall adaptability [7, 8] . Based on the gene expression data, an important feature of the MA cells is their embryo-like phenotype; they feature a low expression of GRHL2 and a high expression of ZEB1, which correlate with epithelial to mesenchymal transition and provide a mechanism for generating cancer stem cells [8] . Of importance from the perspective of current study, analysis of gene expression data revealed that molecular networks influencing lipid metabolism (and carbohydrate metabolism) are significantly altered in MA cells (see Table S3 in [8] ).
Based on numerous studies on the role of FTO and IRX3 in obesity, it is evident that these master regulators of obesity regulate both metabolic state (energy expenditure versus energy conservation) and developmental reprogramming (e.g., converting mesenchymal adipocyte precursor to white adipocyte). Our data are consistent with the notion that in the rare embryolike cancer cells FTO may be important in shifting energy balance in favor of preservation over expenditure (similar to its role in pre-adipocytes), and that this shift may be critical for their initial survival and proliferation without glutamine in the culture medium, leading to establishment of MA cell line ( [8] , this study). Unlike the rare cells that give rise to MA cell culture, most SUM149 cells in culture lack this plasticity in their metabolic state and regulatory state; they are overly dependent on glutamine and other nutrients. Various studies on nutrient sensing would suggest that prolonged lack of glutamine would trigger signaling pathways leading to cell death in majority of cancer cells. A simple way to explain our results obtained with MO-I-500 is that FTO inhibition affects the metabolic plasticity of the rare embryo-like cancer cells, which results in their inability to survive a severe and prolonged lack of glutamine. At this time we do not know which specific targets of FTO RNA demethylase and/or IRX3 transcription factor provide survival advantage when initially facing a metabolic challenge such as a lack of glutamine.
Next, to determine whether MO-I-500 would affect SUM149 cells in a regular culture medium that does not impose a metabolic scarcity, we treated the cells with the same concentrations of the inhibitor as above. We cultured cells in a regular culture medium containing glutamine or in a medium that contains dialyzed fetal bovine serum instead (this is another control since we use dialyzed fetal bovine serum in a glutamine-deficient medium in order to drastically lower glutamine level). We found that under either of these culture conditions, up to 2 μM MO-I-500 had essentially no effect on cell growth. The dishes become confluent in seven days, similar to DMSO solvent-treated dishes (compare plates shown in Fig 4) . To determine whether MO-I-500 had any effect on cell growth in actively proliferating cells, we performed a similar experiment in a 96-well format and determined relative cell proliferation with MTS assay using CellTiter 961 AQueous One Solution Cell Proliferation Assay kit (Promega Corporation, Madison, WI). Based upon the MTS assays, treatment with 2 μM MO-I-500 (which is the highest concentration used in these experiments) caused a modest 20-25% inhibition in cell proliferation of the parental SUM149-Luc cell line in glutamine-containing medium ( S5 Fig). These results are consistent with the cell staining data (Fig 4) . These results imply that in vitro cell culture conditions, with plenty of carbon and nitrogen sources being present, may render FTO function less relevant. In other words, a low basal level activity of FTO may be sufficient for cell proliferation in these culture conditions. In this regard, it is important to note that FTO is not an absolutely essential gene since mice with homozygous deletion of FTO can be generated [27] .
Our results indicate that FTO function is important for the survival of rare highly adaptable SUM149 cells in glutamine-free medium. It is noteworthy that the SUM149 cells selected in glutamine-free medium are capable of facing additional metabolic challenges as well, e.g., a total lack of glucose for weeks [7, 8] . Our results obtained with MO-I-500 are consistent with FTO being important under metabolic scarcity-1) FTO expression goes up in a variety of cell types when a chicken is starved for a period of time [28] , and 2) FTO variants promoting obesity provide survival advantage when sufficient food/nutrients are not available [14] . Analogous to the data from a starving chicken, wherein FTO level is low in tissues of an un-starved animal, we have also noticed that FTO protein level goes down when SUM149-MA cells are cultured in a glutamine-containing complete medium [8] . 
Relatively Little Effect of FTO Inhibition in SUM149-MA Cells
We asked whether MO-I-500 would affect highly adaptable SUM149-MA cells that have already been selected in glutamine-free medium and cultured for several passages, representing multiple cell divisions in this medium. We have previously shown that SUM149-MA cells are resistant to a variety of anticancer agents, and they could serve a good usable model of panresistance in cancer [8] . We observed that treatment of SUM149-MA cells with MO-I-500 failed to significantly inhibit their growth in complete medium (not shown) or in a medium containing glutamine and dialyzed fetal bovine serum (compare plates shown in Fig 5 top panel) . Considering the similar results obtained with the parental SUM149 cell line (Fig 4) , this result is not surprising.
Finally, we asked whether MO-I-500 would affect the SUM149-MA cell culture that has been continuously maintained for several passages in a glutamine-free medium. At this point the rare cells that succeed in facing the metabolic challenge have already been selected and expanded in culture. In the initial phase of culture in glutamine-free medium, we observe a Energy Balance-Related Molecular Network in Therapy-Resistant TNBC heterogeneous response as surviving cells try to grow. Some cells may survive, but fail to yield progeny that would proliferate well. By the time we treated SUM149-MA cells with MO-I-500, or used them for a variety of other experiments, the cells were growing well, albeit a bit slower as compared to the parental cell line in complete medium. MO-I-500 treatment of SUM149-MA cells that were continuously cultured in a glutamine free medium did not significantly affect their growth as cells in all dishes grew to confluency in 7 days (compare dishes in Fig 5 bottom panel) . It appears that the MO-I-500 treatment which is effective at the time of initial selection of MA cells is no longer effective after the MA cells have been selected and cultured in a glutamine-deficient medium (compare Fig 3 and Fig 5 bottom panel) . As reported previously, MA cells are resistant to a variety of known and experimental anticancer agents [8] . Emergence of MA cells under a selection pressure reflects the nature of therapy resistance in TNBC, which is even more pronounced in triple-negative Inflammatory Breast cancer.
To determine whether MO-I-500 had any effect on cell growth in actively proliferating MA cells, we performed a similar experiment in a 96-well format and determined relative cell proliferation with MTS assay. The treatment did not affect cell proliferation of MA cells growing in glutamine-free medium, and 2 μM MO-I-500 affected their proliferation by a modest 11% in glutamine-containing medium (S6 Fig). These results are consistent with the cell staining data presented in Fig 5. Our data indicate that FTO function is important during the initial selection of embryo-like MA cells under a metabolic challenge, i.e., a lack of glutamine. They do not rule out the role of FTO in cells growing in regular culture medium. One important goal of this study is to explore whether MO-I-500 could be useful in overcoming therapeutic resistance in TNBC; therefore, we chose relatively low concentrations of MO-I-500 for the experiments so that the results of our in vitro model would have a higher likelihood of predicting response in patients. Typically, high concentrations of drugs taken over time increase the likelihood of side effects, and high drug concentrations are not achievable for several reasons in metastatic breast cancer. Our experiments were designed for comparative evaluation of low-dose MO-I-500 with parental SUM149 and MA cell lines. Having said that, we have data showing that high 10 to 20 μM concentrations of MO-I-500 kill essentially all cells in both parental SUM149 and MA cell lines even in glutamine containing medium after several days of treatment (data not shown). These results may indicate that FTO serves an essential cellular function in SUM149 cell line under the regular cell culture conditions.
We were curious to see whether MO-I-500 treatment affects the level of FTO and IRX3 proteins in the subpopulation SUM149 cells that initially survives in glutamine-free medium. For the feasibility of obtaining a sufficient number of cells in this medium for western blot analysis after a long treatment with MO-I-500, we used it at 1.25 μM, which is suboptimal for the inhibition of colony formation (e.g., see Fig 3) . Western blot analysis showed that the MO-I-500 treatment reduced the cellular levels of both FTO and IRX3 proteins by approximately 34% and 42%, respectively, under these conditions as compared to the MO-I-100-treated cells in parallel (compare lanes in Fig 6) . As a possible explanation of these results, MO-I-500 binding could enhance FTO protein degradation, which would lead to decreased demethylation of obesity-related RNAs including IRX3 mRNA, thus reducing synthesis of IRX3 protein. Alternatively, as MO-I-500 treatment would possibly eliminate/disadvantage the subpopulation of cancer cells that rely on high levels of FTO and IRX3 proteins for their initial survival and growth in glutamine-free medium, the cells with lower levels of FTO and IRX3 would emerge during the 5 weeks treatment of a very heterogeneous cell population. Further studies are required for understanding the molecular mechanisms for these results, and for determining whether these results are a part of MO-I-500 response or a part of resistance to MO-I-500.
Importance of Energy Balance in the Evolution of Triple-Negative Breast Cancer
Although we use knowledge gained from well-defined systems regarding the mechanisms of energy homeostasis, e.g., the one involving chromatin architecture-based interactions between FTO and IRX3/IRX5 to interpret our data, we recognize that breast cancer cells differ from adipocytes. To elaborate on the hypothesis, a prolonged lack of glutamine, which kills more than 99% cells in our system, represents a major metabolic challenge. Cumulative evidence suggests that surviving cells not only have highly adaptable metabolic state but they are generally adaptable/evolvable and resistant to chemotherapeutic drugs (see model in Fig 7) . Cancer cells use several strategies to survive shortage of critical nutrients, including autophagy, and non-traditional metabolism of extracellular and intracellular materials to meet their needs. We propose that an important component of survival strategy under a severe long-term challenge, e.g., a lack of glutamine, would be energy preservation through slowing of overall metabolism. Most cancer cells are not equipped to do so and therefore die; only rare embryo like cells have this metabolic plasticity. FTO and IRX3/IRX5, which regulate energy homeostasis, may help MA cells in this strategy for cell survival. We believe that the metabolic plasticity (being able to adapt according to nutrients supply) rather than a particular state of metabolism would be important in cancer evolution and therapeutic resistance.
It is important to consider that the features of the metabolic state that are important in cell survival under a severe metabolic challenge may not be of great value in cell proliferation in artificially rich culture medium [9] . For practical reasons most of our studies, particularly those involving analyses of gene expression and western blotting, are performed with cells that have been passaged in culture. The cell culture in complete medium may favor the most proliferative clones over the most adaptable clones. While recognizing these limitations, our model system can teach us a lot about the nature of roots of therapy-resistant TNBC, and help develop therapeutics against tumor adaptability.
An in vitro Model of Adaptable TNBC Cells
Analogous to the cancer evolution process in the body, a metabolic challenge applied in vitro could select cells with an adaptable metabolic state, which could be a part of overall adaptable cellular state [8] . Our data suggest that SUM149-MA cells are endowed with high adaptability, which is derived from a variety of mechanisms. Our gene expression data points to not only metabolic alterations in MA cells that would permit their survival, but also the mechanisms that would generate genetic and epigenetic diversity-1) cancer stem cell/embryonic phenotype, 2) cell cycle checkpoint/DNA repair defects, 3) genomic editing, and 4) chromatin modifications, to name a few [8] . Studies to investigate these specific mechanisms will continue in the future.
From the "evolution" perspective, the biological systems such as a cell line may have a natural tendency to maintain a large population of proliferative cells and a small population of adaptable cells if something were to go wrong. Our studies provide an insight into how therapy resistance could evolve under a severe metabolic scarcity, and suggest an approach to model Cancer progresses through an evolution-like process, which involves selection of adaptable cells under various challenges in the body including therapeutic interventions. A two-way linkage between metabolic state and regulatory state may allow enrichment of fittest cancer cells under metabolic challenges. Our approach involving a challenge of prolonged lack of glutamine in cell culture of a TNBC cell line is intended to enrich the fittest cells that would have a high likelihood of "evolving" to yield metastasis. Our results support this model and suggest that a severe metabolic challenge applied in a setting of high cellular heterogeneity would select rare progenitor-like cells from the majority breast-like cells; it would also co-select genetic and epigenetic alterations that would provide survival advantage in facing a variety of challenges in an evolution-like process ( [8] , this study). Our results support that progenitor-like cancer cells may utilize energy conservation as a strategy for survival under severe metabolic challenge. We adapted this model from the model presented as Figure 6 in [8] .
the panresistant cells in a usable model for testing therapies. Specifically with regards to the FTO and associated molecular networks, our results would argue that the agents that affect obesity could be useful in slowing cancer evolution, particularly if they are introduced early. Perhaps more importantly, our results reveal the type of cells that are capable of driving cancer evolution and therapy resistance in a heterogeneous disease like TNBC. Our approach could be developed into a useful platform for testing combination therapies.
SUM149-MA Cells as a Suitable Model for Testing Combination Therapies
Conceptually normal cells would be more adaptable than abnormal cells such as cancer cells. Therefore, modeling highly adaptable and highly abnormal human TNBC cells in vitro which could efficiently drive cancer evolution and therapeutic resistance similar to the one observed at metastasis stage is not trivial. Different types of selective pressures would eliminate most cancer cells, until highly abnormal and highly adaptable cancer cells overwhelm the body's defenses. Our studies suggest that SUM149-MA cells are a good model of highly abnormal and highly adaptable cancer cells [8] . As a cautionary measure, it appears unlikely that the glutamine deficiency in a culture medium would select highly abnormal and highly adaptable cancer cells in all cancer cell lines or even in all TNBC cell lines. For example, a commonly used MDA-MB-131 TNBC cell line does not appear to have an adaptable metabolic state that would support long-term growth in glutamine-deficient medium [7] .
We believe that the success of SUM149-MA cells as a model of panresistance relies on SUM149 cell line maintaining a small number of highly adaptable cells even in artificial cell culture conditions, and being able to select and investigate these cells. SUM149 cell line contains several genetic defects that are often seen in therapy-resistant TNBC, e.g., BRCA1 mutation, gain of function mutation in TP53, and microdeletions in PTEN, to name a few [29, 30] ; some of these defects are considered undruggable. Above all, SUM149 cells are capable of generating a tremendous cellular heterogeneity, and SUM149-MA appears to be even better in this regard. Therefore, SUM149-MA cell line would be a good in vitro model for evaluating the combination therapies needed for overcoming therapeutic resistance.
Conclusions
There is a pressing need for simple and reliable models for testing potential therapeutic drugs that accurately predict how drugs will act in cancer patients. Our cell-based model of panresistance that involves function-based selection of rare but highly adaptable cells that drive cancer, as well as testing therapies in long-term assays, will make the test results more predictive of response and have a major impact on drug development and cancer care. Our approach addresses a real need in the clinic, where we must anticipate cancer evolution as therapies are applied and respond therapeutically in a timely manner. Despite the abundance of models, we lack suitable models for evaluating combination therapies that would be needed for overcoming therapeutic resistance in an evolving disease. Our applied approach to modeling the roots of therapy-resistance will complement other approaches to discovering safe and effective therapies for preventing cancer recurrence, and for treating metastasis. The data presented in this paper provides further support for the validity of our approach for modeling therapy resistance in TNBC.
Materials and Methods
Cell Lines and Culture
The SUM149 IBC cell line, originally obtained from Stephen Ethier (Barbara Ann Karmanos Cancer Institute, Detroit, MI, USA), was grown in Ham's F-12 medium supplemented with 5% fetal bovine serum (FBS), 5 μg/ml of insulin, 1 μg/ml of hydrocortisone, 100 U/ml of penicillin, and 100 μg/ml of streptomycin in a humidified 5% CO 2 atmosphere. We previously described SUM149-Luc, a luciferase-transfected cell line [31] .
Selection and Culture of MA Variants
We selected MA variants by plating 1 million SUM149-Luc cells in a glutamine-deficient medium containing dialyzed FBS. We recently described selection of rare variants (approximately 0.01% cells in population) and characterization of a cell culture established from these colonies [7, 8] . In the current study, we refer to this cell line as SUM149-MA or MA. All experiments in this study have been performed with the MA cell line which was referred as MA2 (established after selection from one million cells) in a previous study [8] . The MA1 cell line (established after selection from half million cells) in previous studies [7, 8] was included only for the data in Fig 1 in this study. MA cells can be passaged indefinitely in glutamine-deficient medium. However, to minimize the loss of cellular characteristics in cell culture, we investigated MA cells that were in a glutaminefree medium for less than 10 passages. Similarly, for investigating the MA cells in a glutaminecontaining medium, we also cultured them for less than 10 passages in such medium.
Western Blotting
We separated proteins by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and detected various proteins by Western blotting as described previously [32] . The following primary antibodies were used for detection: anti-FTO (catalog number MABE227, EMD Millipore, Billerica, MA), anti-IRX3 (catalog number ab174307, Abcam, Cambridge, MA), anti-ARID5B (catalog number HPA015037, Sigma Chemical Company, St. Louis, MO), anti-IRX5 (catalog number ab56681, Abcam), and anti-CUX1 (catalog number ABE217, EMD Millipore. We used the ECL prime blocking agent (GE Healthcare Life Sciences, Piscataway, NJ) for blocking and Lumigen TMA-6 reagents for detection (Lumigen, Inc., Southfield, MI). We have previously reported that the level of betaactin detected by western blotting, which is commonly used for normalizing protein loading, is reduced in MA cells as compared to the parental cell line. After testing several other commonly used proteins for this purpose, we chose HSP90 as a gel loading and protein transfer control; we used an HSP90 antibody (catalog number E289 from Cell Signaling Technology, Danvers, MA) for re-probing the blots. We performed each western blot at least twice; the representative blots are shown. We determined relative intensities of bands by the ImageJ software (National Institutes of Health, Bethesda, MD); we chose 15 pixel as the cut-off value in order to score small colonies as well.
FTO Inhibitor MO-I-500
Synthesis and initial characterization of MO-I-500 has been previously described [26] . MO-I-500 was referred as Compound 7d {N-(3,4-Dihydroxy-5-(4-chlorophenyl)-2-furanyl)ethanesulfonamide} in that study [26] . Synthesis of the control compound MO-I-100, referred as Compound 5 {5-Amino-4-hydroxy-2-(4-chlorophenyl)-furan-3-one}, has also been described [26] . We dissolved both the compounds in DMSO as 100 mM stocks, and stored at -20 degree C in small aliquots. The stock solution was diluted in DMSO just before adding to the culture medium. DMSO volume was equal to 0.04% of the volume of the culture medium in control dishes as well as those receiving the compounds.
Evaluation of Test Compounds in vitro
We typically plated 0.5 million cells per 10-cm dish in duplicate in culture medium without glutamine and with dialyzed fetal bovine serum (glutamine-free medium), with glutamine and Energy Balance-Related Molecular Network in Therapy-Resistant TNBC with dialyzed fetal bovine serum (glutamine-containing medium), and with glutamine and regular fetal bovine serum (complete medium). We added the test compounds at the same time as the trypsinized cells were plated on the dishes. We examined the cultures under microscope, and stained with crystal violet when appropriate. If a treatment had an effect, we waited for the surviving cells to yield colonies (approximately 3 weeks) before staining and photographing or scanning stained dishes. To determine whether a test compound had any effect on cell growth in actively proliferating cells, we performed a similar experiment in a 96-well format and determined relative cell proliferation with MTS assay using CellTiter 961 AQueous One Solution Cell Proliferation Assay kit (Promega Corporation, Madison, WI). 
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